Accumulation of mutant proteins into misfolded species and aggregates is characteristic for diverse neurodegenerative diseases including the polyglutamine diseases. While several studies have suggested that polyglutamine protein aggregates impair the ubiquitin-proteasome system, the molecular mechanisms underlying the interaction between polyglutamine proteins and the proteasome have remained elusive. In this study, we use fluorescence live-cell imaging to demonstrate that the proteasome is sequestered irreversibly within aggregates of overexpressed N-terminal mutant Huntingtin fragment or simple polyglutamine expansion proteins. Moreover, by direct targeting of polyglutamine proteins for proteasomal degradation, we observe incomplete degradation of these substrates both in vitro and in vivo. Thus, our data reveal that intrinsic properties of the polyglutamine proteins prevent their efficient degradation and clearance. Additionally, fluorescence resonance energy transfer is detected between the proteasome and aggregated polyglutamine proteins indicative of a close and stable interaction. We propose that polyglutamine-containing proteins are kinetically trapped within proteasomes, which could explain their deleterious effects on cellular function over time.
Introduction
The formation of protein aggregates or inclusions in select neurons is a hallmark of neurodegenerative diseases such as Alzheimer's disease, Parkinson's disease, and the polyglutamine disorders. Expansion of polyglutamine repeats in otherwise unrelated proteins is responsible for at least nine inherited disorders including Huntington's disease, spinocerebellar ataxias 1,2,3,6,7,17, spinal and bulbar muscular atrophy, and dentatorubral and pallidoluysian atrophy (Zoghbi and Orr, 2000; Nakamura et al, 2001) . Although the role of polyglutamine aggregates in pathogenesis is still unclear, aggregates have been shown to contain critical cellular components such as the transcription factors TATA binding protein (TBP) and CREB binding protein (CBP), cytoskeletal proteins, molecular chaperones such as Hsc70, Hsp70, Hdj-1, and Hdj-2, as well as ubiquitin and proteasome components Cummings et al, 1998; Perez et al, 1998; Kazantsev et al, 1999; Jana et al, 2001; Suhr et al, 2001) . As components of the ubiquitin-proteasome pathway colocalize with the aggregates, a question that remains is why polyglutamine proteins are not efficiently eliminated by proteasomal degradation. It has been reported that cells expressing mutant ataxin-1 or Huntingtin exhibit decreased proteasome activity and that degradation of the artificial proteasomal substrate Ub-GFP is impaired in cells overexpressing a fragment of mutant Huntingtin or a folding mutant of cystic fibrosis transmembrane conductance regulator (CFTR) (Cummings et al, 1999; Bence et al, 2001; Jana et al, 2001) . Moreover, prevention of polyglutamine oligomerization by Congo red ameliorated polyglutamine-induced decrease in proteasome activity, suggesting that the inhibitory effect of polyglutamine proteins is due to their self-association properties (Sanchez et al, 2003) . While these studies suggest that aggregated polyglutamine proteins are inhibitory to the proteasome, recent dynamic image analysis indicates that the proteasome associates only transiently with mutant ataxin-1-containing aggregates (Stenoien et al, 2002) . In this study, we show that protein aggregates, initiated by the expression of N-terminal mutant Huntingtin fragment or simple polyglutamine expansion proteins, associate irreversibly with the proteasome via direct interaction. As degradation-tagged polyglutamine proteins are also incompletely degraded by the proteasome in vitro and in vivo, our data reveal that polyglutamine-containing proteins directly interfere with proteasome function.
Results
To monitor the effect of Huntingtin protein (Htt) on localization and mobility of the proteasome, we employed a green fluorescent protein (GFP) fusion of the 20S proteasome bsubunit LMP2. LMP2-GFP serves as an excellent monitor of the assembled proteasome, as it has previously been shown to be quantitatively incorporated into active proteasomes (Reits et al, 1997) . LMP2-GFP exhibited a diffuse cytoplasmic and nuclear localization in HeLa cells that was unaltered when coexpressed with soluble N-terminal Htt fragment containing a stretch of 23 glutamines (Htt-Q23; Figure 1A , upper panel). However, when LMP2-GFP was coexpressed with Htt-Q65, the proteasome was partially redistributed into discrete cytoplasmic and nuclear foci that colocalized with Htt-Q65 aggregates ( Figure 1A , upper panel). The relocaliza-tion of LMP2-GFP is not due to different expression levels of the Htt proteins nor did the Htt proteins affect the expression level of LMP2-GFP (Supplementary Figure S1) . Similar redistribution of LMP2-GFP was observed upon coexpression with Flag-tagged 81 glutamines (Flag-Q81; Figure 1A , upper panel), showing that the intrinsic properties of the extended polyglutamine stretch are sufficient to mediate the effect observed on LMP2-GFP distribution. These results are not a consequence of transient overexpression of LMP2-GFP, as expression of Flag-Q81 alone also resulted in relocalization of endogenous proteasomes to aggregates ( Figure 1A , lower panel). These observations are in accordance with previous reports on accumulation of endogenous proteasome to aggregates of mutant Htt in cell lines or in R6/1 transgenic mice (Jana et al, 2001; Waelter et al, 2001) .
To examine whether proteasomes are dynamic components of mutant Htt or simple polyglutamine expansion protein aggregates, we performed fluorescence recovery after photobleaching (FRAP) (Lippincott-Schwartz et al, 2001) . When a defined region in the nucleus of a cell expressing LMP2-GFP was photobleached, no discernable bleached zone could be detected and there was a decrease in fluorescence intensity throughout the nucleus indicative of highly mobile LMP2-GFP ( Figure 1B ). Quantitative analysis of LMP2-GFP fluorescence demonstrated an immediate recovery from photobleaching with a mobile fraction of 98.572.6% ( Figure 1B , Table I ). Similar mobility was detected for cytoplasmic LMP2-GFP (data not shown). Coexpression of LMP2-GFP with Htt-Q23 or Flag-Q19 had no effect on the mobility of the proteasome ( Figure 1B , Table I ). In contrast, LMP2-GFP associated with Htt-Q65 or Flag-Q81 aggregates displayed no fluorescence recovery and the mobile fraction was reduced to 7.474.9 and 15.975.9%, respectively ( Figure 1B , Table I ). Similar results were obtained whether the entire LMP2-GFP signal associated with Htt-Q65 aggregates or a fraction of the associated LMP2-GFP was photobleached (data not shown). By comparison, the mobility of LMP2-GFP outside an aggregate was not reduced (Supplementary Figure S2) . Note that the images are scaled differently between the samples to avoid saturation of the LMP2-GFP fluorescence intensity associated with Htt-Q65 or Flag-Q81 aggregates and that a fraction of soluble LMP2-GFP is present in these samples (Supplementary Figure S2) . The immobility of LMP2-GFP associated with a polyglutamine aggregate reflects the properties of Q82-YFP aggregates ( Figure 2C ) (Kim et al, 2002) . Moreover, the rapid recovery of LMP2-GFP fluorescence in cells coexpressing proteins with shorter polyglutamine stretches is similar to the recovery of soluble Q19-YFP ( Figure 2C ).
We then investigated whether LMP2-GFP was released from the Htt-Q65 aggregates using fluorescence loss in photobleaching (FLIP) (Lippincott-Schwartz et al, 2001) . The fluorescence intensity of LMP2-GFP in an Htt-Q65 aggregate was monitored, while a region outside the aggregate, but within the same cell, was continuously photobleached. If LMP2-GFP is released from the Htt-Q65 aggregates, we would expect to observe a decrease in the fluorescence intensity of the aggregate-associated LMP2-GFP. However, FLIP analysis revealed no decrease in the fluorescence intensity of LMP2-GFP in Htt-Q65 aggregates ( Figure 1C ), whereas the fluorescence intensity of LMP2-GFP coexpressed with Htt-Q23 was reduced by B80% within the first minute of photobleaching ( Figure 1C ). These data indicate that the LMP2-GFP molecules associated with a polyglutamine aggregate are tightly bound with a slow off rate. Together, the FRAP and FLIP analyses demonstrate that the proteasome is sequestered irreversibly within aggregates formed by the expression of Htt-Q65 or Flag-Q81. This irreversible sequestration of the proteasome in Htt-Q65 and Flag-Q81 aggregates is similar to the previously reported association between Htt aggregates and glutamine-rich proteins such as CBP and TBP, but different from the dynamic, substrate-like transient interaction with Hsp70 (Chai et al, 2002; Kim et al, 2002) .
What is the basis of sequestration of the proteasome by mutant Htt or simple polyglutamine proteins? To examine whether direct targeting of polyglutamine proteins for proteasomal degradation would affect their association with the proteasome, we generated proteasome substrates by employing the N-end rule pathway (Varshavsky, 1996) . A ubiquitin moiety was attached to the N-terminus of a simple polyglutamine protein via a 40-amino-acid linker region containing two lysines (Ubi). The ubiquitin moiety is rapidly cleaved off by endogenous ubiquitin hydrolases resulting in a new destabilizing N-terminus that promotes ubiquitination of internal lysine residues leading to degradation by the proteasome from the N-terminus (Gonda et al, 1989; Varshavsky, 1996) . FRAP analysis showed that LMP2-GFP was diffusely localized and highly mobile when coexpressed with Ubi-Q16-Flag and in foci of restricted mobility when coexpressed with Ubi-Q78-Flag (Figure 2A ). Therefore, we conclude that the degradation tag did not affect the dynamics of proteasome association with polyglutamine proteins.
One expects degradation-tagged polyglutamine proteins to be degraded completely, provided that the polyglutamine The mobile fraction is based on the FRAP analysis in Figure 1B . stretch itself does not interfere with proteasome activity, and thereby prevent formation of aggregates.
To address this, we tested the effect of the degradation tag on polyglutamine-YFP proteins in our cell system. In accordance with earlier studies , polyglutamine fusion proteins exhibit enhanced solubility resulting in soluble Q40-YFP and a low percentage (5%) of cells showing Q82-YFP aggregates, as shown by fluorescence microscopy ( Figure 2B , left panel) and FRAP analysis ( Figure 2C ). In contrast to the nondegradation-tagged YFP fusion proteins, Ubi-YFP was barely detected in the transfected cells ( Figure 2B , right panel, Supplementary Figure S3 ). However, a fluorescent signal was observed in cells transfected with Ubi-Q19-YFP, Ubi-Q40-YFP, or Ubi-Q82-YFP ( Figure 2B , right panel, Supplementary Figure S3 ), suggesting that introduction of a polyglutamine stretch between the degradation tag and the YFP prevents efficient degradation by the proteasome. Ubi-Q82-YFP was visualized in aggregates, similar to Htt-Q64-GFP, and the number of transfected cells containing aggregates increased to 34% ( Figure 2B ). FRAP analysis demonstrated that Ubi-Q82-YFP was immobilized in the aggregates, whereas the diffusely expressed Ubi-Q19-YFP and Ubi-Q40 were mobile ( Figure 2C ). In accordance with the fluorescence microscopy data, Western blot analysis demonstrated that the amount of Ubi-YFP was significantly lower than for YFP ( Figure 2D ). As expected, no full-length Ubi-YFP of 40 kDa was detected, as the N-terminal ubiquitin molecule is rapidly cleaved off in the cell. Treatment of cells with the proteasome inhibitor MG132 resulted in an accumulation of N-terminal deubiquitinated Ubi-YFP species, establishing that degradation of Ubi-YFP is proteasome dependent ( Figure 2D ). In comparison to the levels of Ubi-YFP, increased levels of Ubi-Q19-YFP, Ubi-Q40-YFP, and Ubi-Q82-YFP were observed ( Figure 2D ). In the case of Ubi-Q19-YFP, the major species exhibited a mobility in SDS-PAGE that corresponded to untagged Q19-YFP ( Figure 2D ). In addition, higher molecular weight bands of Ubi-Q19-YFP were detected. These species most likely correspond to partially degraded N-terminal deubiquitinated Ubi-Q19-YFP, as we do not detect a band of B13 kDa higher molecular weight than that of Q19-YFP, which would correspond to the full-length Ubi-Q19-YFP. It is worth noting that all of the polyglutamine-containing fusion proteins exhibit mobilities on SDS-PAGE that are different from their calculated molecular weights. In the Ubi-Q40-YFP and the Ubi-Q82-YFP samples, bands migrating with molecular weight sizes similar, higher, and lower than in the corresponding untagged Q40-YFP and Q82-YFP samples were observed ( Figure 2D ). Similar to Ubi-Q19-YFP, no full-length Ubi-Q40-YFP and Ubi-Q82-YFP were detected. Treatment with MG132 resulted in an accumulation of the higher molecular weight species of all degradation-tagged polyglutamine-YFP proteins, while no increased accumulation of the corresponding untagged polyglutamine-YFP proteins was observed ( Figure 2D ). These results reveal an accumulation of partially degraded species of the various degradation-tagged polyglutamine-YFP fusion proteins in the cell. Taken together, our data show that direct targeting of polyglutamine-YFP proteins for proteasomal degradation is To investigate whether the intrinsic properties of the degradation-tagged polyglutamine YFP proteins affect proteasome function, we compared their degradation rates in vitro. Radioactive fusion proteins were synthesized by coupled in vitro transcription and translation, and degradation by the proteasome was measured in rabbit reticulocyte l ysates. As expected, Ubi-YFP was rapidly degraded with B35% of the protein remaining after 30 min (Figure 3) . The disappearance of Ubi-Q19-YFP, Ubi-Q40-YFP, and Ubi-Q82-YFP followed similar kinetics as for Ubi-YFP. However, analysis of Ubi-polyglutamine-YFP time-course samples by SDS-PAGE revealed the appearance of stable intermediates of smaller size, whereas degradation of Ubi-YFP did not result in the accumulation of a specific degradation product (Figure 3 , left panel). These species are likely products of incomplete degradation, as addition of RNase A, cycloheximide, and an excess of nonradioactive methionine did not prevent their formation (data not shown). Moreover, addition of MG132 to the lysates prevented accumulation of the degradation end products, showing that the appearance of these species is dependent on proteasome function (Supplementary Figure S4) . Addition of MG132 did not block removal of the N-terminal ubiquitin molecule nor polyubiquitination of the lysine-containing linker region in front of YFP or polyglutamine-YFP (Supplementary Figure S4) . In the case of Ubi-Q19-YFP and Ubi-Q40-YFP, the degradation end product appeared to be of a discrete molecular size, while a heterogeneous population of degradation products was detected for Ubi-Q82-YFP suggesting that the block in degradation is not designated by a certain glutamine residue or length of polyglutamine ( Figure 3, left panel) . Analysis of the degradation end products indicated molecular sizes corresponding to the predicted size of the respective polyglutamine expansion-YFP (Figure 3 , lower right panel). A direct comparison of the SDS-PAGE migration of the degradation-tagged polyglutamine-YFP proteins with the corresponding untagged polyglutamine-YFP proteins revealed that the degradation end products of Ubi-Q19-YFP and Ubi-Q40-YFP, but not of Ubi-Q82-YFP, were of similar molecular weight sizes as the untagged polyglutamine proteins (Supplementary Figure  S5) . No significant difference in the amount of accumulated degradation end products of the Ubi-polyglutamine-YFP proteins was detected (Figure 3, graph) . These studies show that the progression of substrate degradation is blocked or markedly delayed when the proteasome encounters a protein with a polyglutamine stretch. In agreement with our in vitro data, the appearance of similar degradation products of the Ubi-polyglutamine-YFP proteins was detected in vivo ( Figures 2D and 3) . The existence of multiple degradation products in vivo could be explained by the asynchronous degradation of Ubi-polyglutamine-YFP proteins in the cells. It seems likely that the polyglutamine proteins are, over time, degraded in vivo, as Ubi-Q40-YFP and Ubi-Q82-YFP are at least partially degraded ( Figure 2D ).
In addition, reports have shown that suppression of mutant Htt expression results in disappearance of aggregates (Yamamoto et al, 2000; Martin-Aparicio et al, 2001) .
Our results suggest that the polyglutamine proteins could be trapped within the proteasome, but it is also possible that the partially degraded products are released. To investigate whether we could detect an interaction between the proteasome and polyglutamine-containing proteins in vivo, we employed acceptor photobleaching to reveal whether fluorescence resonance energy transfer ( the CFP donor and YFP acceptor fluorophores are separated by less than 100 Å , FRET will occur and is detected as an increase in the CFP intensity when YFP is photobleached. As a positive control for FRET, we used cells expressing aggregates formed by Q82-YFP and Q82-CFP or cells expressing a chimeric CFP-YFP fusion protein (Kim et al, 2002) . Upon acceptor photobleaching, we detected an increase in the donor fluorescence and a transfer efficiency of 0.2870.06 and 0.1770.03 for Q82-CFP/Q82-YFP aggregates and CFP-YFP, respectively ( Figure 4A , data not shown). Higher FRET efficiency from the polyglutamine aggregates than from the CFP-YFP chimera is in agreement with a previous report (Kim et al, 2002) . No FRET signal was detected in cells coexpressing CFP and YFP (0.0170.01). In cells expressing LMP2-CFP and Ubi-Q82-YFP, we consistently detected a FRET efficiency of 0.2870.07 ( Figure 4A ). Similar results were also observed when LMP2-CFP was associated with Htt-Q78-YFP (0.1470.05) or Q82-YFP aggregates ( Figure 4A , data not shown). However, we did not detect FRET between LMP2-CFP and soluble Ubi-Q82-YFP, Htt-Q78-YFP, Q82-YFP, Ubi-Q19-YFP, Htt-Q23-YFP, or Q19-YFP ( Figure 4A , data not shown).
To further confirm our results obtained by the acceptor photobleaching approach, we used a complementary methodology and measured the emission of the acceptor by donor excitation ( Figure 4B ). Using this approach, we detected FRET between LMP2-YFP and aggregated Htt-Q78-CFP or Q82-CFP, but not between LMP2-YFP and soluble Htt-Q78-CFP, Q82-CFP, or Htt-Q23-CFP ( Figure 4B ). Moreover, we did not detect FRET in cells expressing aggregated Q82-CFP and YFP ( Figure 4B) , showing that the FRET signal observed between LMP2 and aggregated polyglutamine proteins is due to a specific and close association between these proteins. Note that the lack of detectable FRET between soluble polyglutamine-containing proteins and LMP2 could be due to a technical limitation; hence, these experiments do not exclude that an interaction could occur between soluble polyglutamine-containing proteins and LMP2.
Discussion
Our studies on the dynamics of the proteasome in cells overexpressing N-terminal mutant Htt or simple polyglutamine expansion proteins show an irreversible sequestration Figure 4 Continued of the proteasome. Additionally, we provide evidence that polyglutamine-containing proteins are incompletely degraded, even when directly targeted for proteasomal degradation, in vitro and in vivo. By FRET analysis, we detect a stable association between the proteasome and the polyglutaminecontaining proteins within the aggregates. Taken together, our data suggest that mutant Huntingtin and simple polyglutamine expansion proteins are likely kinetically trapped within the proteasome as partially degraded substrates rather than rapidly released and freely diffusing. Our studies do not exclude that some of the partially degraded polyglutaminecontaining proteins are released from the proteasome.
It was recently reported (Venkatraman et al, 2004 ) that purified eukaryotic proteasomes, which were in an opengated state either by addition of detergent or by using a mutant yeast proteasome, were unable to digest nonpolyubiquitinated peptides containing 10-30 glutamines. The authors suggested that these polyglutamine peptides would be released from the proteasome. The authors further speculated that longer polyglutamine stretches, as found in polyglutamine diseases, could fail to exit from the proteasome and thereby interfere with proteasome function, a suggestion that is in agreement with our observation. However, unlike their study, we demonstrate here that expanded polyglutamine-YFP fusion proteins that are targeted for degradation via the endogenous ubiquitin-proteasome pathway are at least partially degraded in HeLa cells and rabbit reticulocyte lysates ( Figures 2D and 3 ). For example, we detected a major fragment of degradation-tagged Q40-YFP and Q82-YFP of the same molecular size as untagged Q19-YFP in HeLa cells. The accumulation of these species is decreased upon treatment with the proteasome inhibitor MG132. Taken together, our observations establish that polyglutamine proteins can undergo at least partial proteasomal degradation. Further studies will be needed to establish whether the amino-acid sequences or protein domains surrounding the polyglutamine tract influence the degradation of the polyglutamine disease proteins. Our results corroborate previous reports showing that suppression of mutant Htt expression results in disappearance of aggregates in a conditional mouse model of Huntington's disease (HD94) as well as in HD94 primary striatal neurons (Yamamoto et al, 2000; MartinAparicio et al, 2001 ). These results suggest that polyglutamine proteins could engage the proteasome machinery for longer periods than other proteasome substrates and would therefore indirectly diminish proteasome activity.
It is intriguing to consider that even the presence of Q19 could have detrimental effects on protein degradation. These results suggest that even wild-type Htt may be less efficiently degraded than a nonpolyglutamine-containing protein.
However, unlike a short polyglutamine stretch, the presence of the expanded polyglutamine stretch associated with the proteasome could generate additional surfaces for molecular interaction with aggregation-prone proteins, thus promoting recruitment to the aggregates. The inability to efficiently dispose of polyglutamine proteins would likely have deleterious effects on cellular function, as, over time, we would predict the appearance and accumulation of Htt intermediates, oligomers, and aggregates. Moreover, one would predict that kinetic trapping of polyglutamine-containing proteins within the proteasome may interfere with degradation of other cellular substrates of the proteasome. Indeed, it has been shown that expression of N-terminal fragment of mutant Htt results in accumulation of endogenous p53 and the artificial proteasomal substrate GFP U in mammalian cell lines (Bence et al, 2001; Jana et al, 2001) and that striatal cells established from full-length Htt-Q111 knock-in mice have elevated p53 levels (Trettel et al, 2000) . Our rationale for expressing the N-terminal fragment of Htt rather than fullprotein is based on observations that full-length Htt is proteolyzed in vivo releasing polyglutamine-containing Nterminal fragments, and that the N-terminal fragments, but not full-length Htt, are found in aggregates from brain tissue of HD patients and an inducible neuronal cell system Lunkes et al, 2002) . As aggregates in the brain of HD patients have been shown to be ubiquitin positive and aggregates found in transgenic N-terminal Htt fragment mice contain both ubiquitin and the proteasome (Jana et al, 2001) , our findings that the proteasome is impaired by N-terminal Htt or simple polyglutamine proteins might well correspond to the cellular events associated with polyglutamine diseases.
The differences between our results on N-terminal Htt and previous studies on ataxin-1 with regard to the fate of the proteasome suggest that differences in molecular interactions of aggregates formed by different types of polyglutamine proteins can have distinct biophysical properties. For example, it has been demonstrated using FRAP and FLIP experiments that CBP is irreversibly sequestered in aggregates formed by mutant full-length ataxin-3 or N-terminal Htt fragment, while CBP is mobile in aggregates formed by mutant full-length ataxin-1 (Chai et al, 2002) . These observations are in agreement with our results showing irreversible sequestration of the proteasome in aggregates of N-terminal Htt fragment or simple polyglutamine expansion proteins as well as with the results showing a dynamic interaction between the proteasome and mutant ataxin-1 aggregates (Stenoien et al, 2002) . Furthermore, it has been shown that aggregates of mutant ataxin-1 are dynamic with both fastand slow-exchanging ataxin-1 (Stenoien et al, 2002) , while aggregates of ataxin-3 or N-terminal Htt fragment are static. The difference in dynamics may be due to intrinsic properties of the aggregating species. For example, expression of ataxin-1 with only two or 30 glutamines, which is within the wildtype range, resulted in the appearance of aggregates (Stenoien et al, 2002) , revealing that ataxin-1 aggregate formation is not dependent solely on the expansion of the polyglutamine stretch, but additionally due to expression levels.
Variation in expression levels alone, however, does not explain why the various polyglutamine disease proteins display heterogenous protein association properties and it is becoming clear that polyglutamine protein context and posttranslational modifications are important. Recent studies demonstrated that the toxic properties of ataxin-1 depend both on the expansion of the polyglutamine tract and nuclear phosphorylation at serine 776, as expression of an unphosphorylated, but nuclear-localized, ataxin-1(Q82)A776 did not result in toxicity (Emamian et al, 2003) . Additionally, it was established that phosphorylation of serine 776 enables binding to the regulatory protein14-3-3, in a polyglutamine length-dependent manner, resulting in enhanced stability of ataxin-1 (Chen et al, 2003) . In the case of SBMA, a genderspecific polyglutamine disease, the subcellular localization of mutant androgen receptor appears to be the pathogenic factor. Mouse models of SBMA have demonstrated that ligand-dependent nuclear translocation of the mutant androgen receptor is required for gender-related pathogenesis (Katsuno et al, 2002; Sopher et al, 2004) , which explains why most female carriers are usually asymptomatic. Furthermore, an enhanced association between mutant androgen receptors and CBP was detected (Sopher et al, 2004) . Thus, it appears that in addition to the expansion of the polyglutamine tract, the protein context, post-translational modifications, and/or subcellular localization result in differential protein associating properties of the polyglutamine disease proteins.
We propose that a detailed understanding of the molecular interactions between polyglutamine proteins and their associating proteins, such as demonstrated here for the proteasome, provides a basis to understand how different diseaseassociated aggregation-prone proteins can cause substantially different outcomes.
Materials and methods

Constructs
The pcDNA3-LMP2-GFP, pcDNA3-Htt-Q65, pcDNA3-Flag-Q81, pcDNA3-Flag-Q19, pEYFP-N1-Q82, pEYFP-N1-Q19, pECFP-N1-Q82, and pECFP-pEYFP constructs were previously described (Reits et al, 1997; Kim et al, 2002) . The pcDNA3-Htt-Q64-GFP and pcDNAHtt-Q23-GFP constructs were provided by M MacDonald (Harvard University). pECFP-N1-LMP2 and pEYFP-N1-LMP2 were generated by PCR amplifying LMP2 without its stop codon from pcDNA3-LMP2-GFP and inserting into EcoRI/BamHI-digested pECFP-N1 and pEYFP-N1, respectively (BD Bioscience). The 18 nucleotides between the LMP2 and ECFP were deleted using the QuikChange site-directed mutagenesis kit (Stratagene). The pcDNA3-Htt-Q23 construct was generated by subcloning HindIII-digested Htt-Q23 into pcDNA3. pEYFP-N1-Ubi-YFP and pEYFP-N1-Ubi-Q n -YFP were generated by PCR amplifying and inserting XhoI/EcoRI sites into the Ub-R-eK (Ubi) region of pGEM-3Zf( þ )-Ub-R-eK-HA102 (Lee et al, 2001 ) and subcloning into the corresponding pEYFP-N1, pEYFP-N1-Q19, -Q40, or -Q82 construct. pcDNA3-Ubi-Q16-Flag and pcDNA3-Ubi-Q78-Flag were generated by PCR amplifying and inserting the Flag sequence into the 3 0 end of the Ubi-Q n region of pEYFP-N1-Ubi-Q n -YFP, and subcloning into the XhoI/XbaI sites of pcDNA3. pGEM3Zf( þ )-Ubi-YFP was generated by PCR amplifying and inserting NcoI/HindIII sites into the YFP region of pEYFP-N1, and subcloning into NcoI/HindIII-digested pGEM-3Zf( þ )-Ub-R-eK-HA102 (HA102 is cut out). pGEM-3Zf( þ )-Ubi-Q n -YFP was generated by PCR amplifying and inserting AflIII/HindIII sites into the Q n -YFP region of pEYFP-N1-Q n -YFP, and subcloning into NcoI/HindIII-digested pGEM-3Zf( þ )-Ub-R-eK-HA102. pGEM-3Zf( þ )-YFP and pGEM3Zf( þ )-Q n -YFP were generated by PCR amplifying and inserting EcoRI/HindIII sites into the YFP or Q n -YFP regions of pEYFP-N1 and pEYFP-N1-Q19, -Q40, and -Q82, and subcloning into EcoRI/HindIIIdigested pGEM-3Zf( þ )-Ub-R-eK-HA102. Ribosomal binding site was introduced into these plasmids using the QuikChange sitedirected mutagenesis kit with the primer 5 0 ccggtcgccaccattaaagaggagaaattaactatggtgagcaagg3 0 . pTRE2hyg-Htt-Q78-YFP, pTRE2hyg-Htt-Q23-YFP, pTRE2hyg-Htt-Q78-CFP, and pTRE2hyg-Htt-Q23-CFP were generated by insertion of Htt-Q n and YFP or CFP into the BamHI/PvuII and PvuII/MluI sites, respectively, of pTRE2hyg (BD Biosciences). All constructs were verified by sequencing.
Cell culture and transfection
HeLa cervical carcinoma cells were maintained in DMEM supplemented with 10% fetal bovine serum at 371C in an atmosphere of 5% CO 2 /95% air. HeLa Tet-off cells (Clontech) were grown similarly with the addition of 200 mg/ml G418. Transient transfections were performed using Lipofectamine Plus, as described in the protocol provided by the manufacturer (Invitrogen), and the cells were analyzed 24 h after transfection. For FRAP and FLIP analyses, cells were grown on 35 mm glass-bottomed microwell dishes (MatTek Corp., MA), and for immunofluorescence and FRET analysis, on coverslips for 24 h before transfection. For transfection of HeLa cells with pTRE2hyg-Htt-Q78-YFP and pTRE2hyg-Htt-Q23-YFP, the pTet-off plasmid (BD Biosciences) was cotransfected. In experiments using MG132 (Peptide Institute Inc.), MG132 (10 mM) was added for the last 9 h of transfection.
Western blotting
The harvested and counted HeLa cells were resuspended in 5% SDS 1 Â SDS-PAGE sample buffer, boiled, and sonicated. Equal numbers of cells were loaded on an SDS-PAGE. YFP fusion proteins were detected by an anti-GFP IRDye TM 800 antibody (600-132-215, Rockland, 1:2500) and the Odyssey infrared imaging system (LI-COR Biosciences). Anti-Hsc70 antibody (SPA-815, StressGen, 1:1000), anti-Htt antibody HP-1 (provided by M MacDonald, Harvard University, 1:5000), and anti-polyglutamine antibody 1C2 (MAB1574, Chemicon, 1:5000) followed by anti-rat, anti-rabbit, or anti-mouse HRP-conjugated antibodies, respectively, were detected by ECL Western blotting detection kit (Amersham Biosciences).
Immunofluorescence analysis
Transfected HeLa cells were fixed in 4% formaldehyde in 1 Â PBS, permeabilized in 0.5% saponin and 0.5% Triton X-100 in 1 Â PBS, and blocked for 1 h with 10% FBS and 0.3% Triton X-100 in 1 Â PBS at 371C. The Htt proteins were detected using HP-1 antibody (1:500), which recognizes amino acids 80-113 of the Htt protein (provided by M MacDonald, Harvard University) (Trettel et al, 2000) . Flag-Q81 was detected with an antibody against the Flag epitope (M5, Sigma, 1:250) and the proteasome was labeled using an anti-20S antibody (PW8155, Affinity Research Products, 1:250). The primary antibodies were detected using TRITC-conjugated antimouse or anti-rabbit antibody (Sigma, 1:100) or FITC-conjugated anti-rabbit antibody (Sigma, 1:100). DNA was stained with DAPI (Sigma). Samples were mounted in Vectashield anti-fading solution (Vector Laboratories). Immunofluorescent samples were examined using a Leica DM-IRE2 inverted deconvolution microscope equipped with a Â 40 oil objective lens, and Metamorph imaging software (Universal Imaging Corp.). FITC, Texas red, DAPI, and YFP filter sets (Chroma Technology Corp.) were used for visualization. The images were merged and pseudo-colored using the Metamorph imaging software and Adobe Photoshop 7.0, respectively. The percentage of cells containing aggregates was determined by counting the number of cells with aggregates out of B200 transfected cells, as determined by fluorescence.
FRAP and FLIP
For live-cell imaging, transfected HeLa cells were maintained at 371C for the duration of the experiment. Photobleaching for FRAP and FLIP analyses was performed as described previously (Chen and Huang, 2001) , using a Zeiss LSM 510 Meta Axiovert confocal microscope and a Â 40 oil objective lens. The 488 and 514 nm laser wavelengths were used in photobleaching of the GFP and YFP fusion proteins, respectively. For FRAP analysis, images were taken at ninth zoom power and an area of 36 mm 2 was bleached for 10 s (60 iterations), after which an image was collected every 20 s. For FLIP analysis, a single image was taken at fifth zoom power and an area of 36 mm 2 was bleached away from aggregates and images were collected after every 1 min (370 iterations) of photobleaching. Relative fluorescence intensity (RFI) was determined using the equation RFI ¼ (Ne t /N1 t )/(Ne 0 /N1 0 ). Ne t is the average intensity of the bleached area at a given time point and N1 t is the average intensity of nonbleached area at the corresponding times and functions as a control for general photobleaching and background fluorescence. Ne 0 and N1 0 are the average intensity before photobleaching of the bleached and nonbleached areas, respectively. RFI for FLIP analysis was calculated with the above equation, except that Ne t is the average intensity of a nonbleached area, for example, an aggregate at a given time point, and N1 t is the average intensity of a nonbleached area in the neighboring cell at the corresponding time. The mobile fraction (M f ) was determined using M f ¼ (Ne final ÀNe 1 )/(Ne 0 ÀNe 1 ) (Lippincott-Schwartz et al, 2001) , in which Ne final is the final intensity of the bleached area after full recovery, Ne 1 is the fluorescence just after the bleach, and Ne 0 is the fluorescence before photobleaching.
Acceptor photobleaching
For acceptor photobleaching experiments, HeLa cells transiently transfected with the indicated CFP and YFP fusion proteins were fixed and images were taken using a Zeiss LSM 510 Meta Axiovert confocal microscope and a Â 63 oil objective lens. CFP was excited by 458 nm laser wavelength and emission detected at 480-520 nm using HFT458/514 and BP480-520 filters, whereas YFP was excited by 514 nm laser wavelength and emission detected at 492-535 nm using HFT458/514 and NFT515 filters. Images were taken at fifth zoom power and the defined YFP region was photobleached using the 514 nm laser wavelength and 100% power. The CFP and YFP images were pseudo-colored using Adobe Photoshop 7.0. The FRET efficiency image was generated in Metamorph by image arithmetic of the two CFP images (prebleach, Db, and postbleach, Db(ab)) using the equation E ¼ (Db(ab)ÀDb)/Db(ab) (Wouters et al, 1998; Berney and Danuser, 2003) . For calculations of the average FRET efficiency (n ¼ 4-10), a modification to the above-mentioned equation E ¼ 1À(Db c (ab)/Db c )(Db/Db(ab)) (Berney and Danuser, 2003) was used to take into account variation in CFP intensity in a control region. Db c and Db c (ab) are the donor intensity before and after photobleaching of the acceptor in a control region outside of the photobleached area.
Filter-based FRET analysis
To measure acceptor emission by donor excitation, transiently transfected HeLa Tet-off cells were fixed and images were taken using a Leica DM-IRE2 inverted deconvolution microscope with Â 63 objective. CFP (430 ex /470 em ), YFP (500 ex /535 em ), and FRET (430 ex /535 em ) channel images were taken with the beam splitter 86002v2 JP4 for CFP and YFP, exciter 430/25 and 500/20, emitter 470/30 and 535/30 (Chroma Technology Corp.). The acquired images were analyzed using Metamorph imaging software. As the overlap between donor emission and acceptor excitation spectra contributes to the detection of donor and acceptor fluorescence through the FRET filter set, the images acquired consist of both FRET and non-FRET signals. Therefore, we applied a correction algorithm to each image to generate the corrected FRET images, as previously described (Gordon et al, 1998; Kim et al, 2002) . The corrected FRET image was generated using the following equation: FRET C ¼ (FRET-95)À0.46(CFP-95)À0.016(YFP-100)À8. The FRET C / CFP image was then generated by calculating the ratio between FRET C and background corrected CFP.
In vitro proteasome degradation assay
To target proteins to the proteasome by the N-end rule (Varshavsky, 1992) , a ubiquitin moiety was attached to the N-terminus of the substrate protein via a 40-amino-acid linker derived from the Escherichia coli Lac repressor. Radioactive substrates were generated from pGEM-3Zf( þ )-Ubi-YFP, pGEM-3Zf( þ )-Ubi-Q n -YFP, pGEM-3Zf( þ )-YFP, and pGEM-3Zf( þ )-Q n -YFP using T7 promoter-driven in vitro transcription and translation in [
35 S]methioninesupplemented E. coli S30 extracts (Promega). The substrate proteins were partially purified by high-speed centrifugation and ammonium sulfate precipitation and resuspended in 40 ml buffer (250 mM TrisHCl, pH 7.4, 25 mM MgCl 2 , 25% (v/v) glycerol). Degradation by the proteasome was assayed in rabbit reticulocytes (Green Hectares), as previously described (Lee et al, 2001) . A 10 ml portion of the translated protein was added to 35 ml of ATP-depleted reticulocytes supplemented with 1 mM DTT and incubated for 10 min at 301C to allow removal of the N-terminal ubiquitin. Ubiquitination and degradation were initiated by addition of ATP and an ATPregenerating system (2 mM ATP, 10 mM creatine phosphate, 0.1 mg/ ml creatine phosphokinase, final concentration) and incubation was continued at 301C. At the indicated time points, 4.8 ml aliquots were transferred to ice-cold 5% trichloroacetic acid (TCA). The TCAinsoluble fractions were analyzed by 12% SDS-PAGE and quantified by electronic autoradiography (InstantImager, Packard) . In experiments to inhibit protein synthesis, 5 mM methionine, 40 mg/ ml RNase A, and 100 mg/ml cycloheximide were included in the degradation mixture. In experiments using MG132, 100 mM was added to the lysates before the substrate was included in the ATPdepleted reaction mixture.
Supplementary data
Supplementary data are available at The EMBO Journal Online.
